controls (P = 0.025). At 3 months post-operatively, there was an additional decrease in knee extension moment compared to before surgery, and so it was still significantly lower than in the control group (P < 0.01). One year postoperatively, knee extension moment in the RPD group was significantly increased compared to 3 months post-operatively (P < 0.01). The knee flexion angle in the early stance phase in the RPD group at 3 months post-operatively was significantly lower than that of controls (P < 0.01). Knee kinematics and kinetics were similar to that of controls 1 year after surgery. Conclusion Initially, RPD patients had lower knee extension moments during gait compared with controls, but by 1 year after MPFL reconstruction, knee kinematics and kinetics of gait in the RPD patients had returned to normal. These observations indicate that MPFL reconstruction may help to delay prospective knee OA as long as possible by restoring the conformation of the patellofemoral joint and gait biomechanics by surgery.
Introduction
Medial patellofemoral ligament (MPFL) reconstruction for recurrent lateral patellar dislocation (RPD) has become popular, and this technique produces good clinical results, such as prevention of redislocation and improvement in the congruence angle and patellar tilting angle [1] . Although studies have concluded that MPFL reconstruction leads to excellent functional outcomes [2] [3] [4] , complication rates after MPFL reconstruction are reported to be 16.2 % in
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Purpose Gait kinematics and kinetics of the knee before and after medial patellofemoral ligament (MPFL) reconstruction in patients with recurrent lateral patellar dislocation (RPD) are unknown. The purpose of this study was to measure knee kinematics and kinetics during gait before and 1 year after anatomical MPFL reconstruction in patients with RPD and compare the results to healthy individuals. Methods Eleven RPD patients were treated using an anatomical MPFL reconstruction procedure. Gait analysis was conducted before and at 3, 6, and 12 months after surgery. For comparison, 15 healthy volunteers with no history of orthopaedic problems in their lower limbs were included as the control group. Knee kinematics and kinetics were analysed during gait. Results Before surgery, the internal knee extension moment in RPD patients was significantly lower than in young patients [5] and 26.1 % including patellar fractures, failures, clinical instability on post-operative examination, loss of knee flexion, wound complications, and pain [6] . Moreover, surgical treatment including MPFL reconstruction is associated with a significantly higher risk of patellofemoral joint osteoarthritis (OA), and patellofemoral OA is a significant long-term risk after non-anatomical surgery for patellar instability [7, 8] .
Patellar dislocation usually occurs during activity, such as landing with the knee flexed and the tibia in the valgus position [9] , so it is important to analyse dynamic knee motion before and after MPFL reconstruction to assess the post-operative status of the knee. Anatomically positioned MPFL reconstruction with proper tension restores joint contact pressures and tracking [10] . Kita et al. [11] reported that not all improvements in patellar tracking after MPFL reconstruction remained intact at follow-up. As stated above, most previous studies have only referred to patellar kinematics. To our knowledge, there are only two reports in the English literature concerning motion analysis of daily living in patients with RPD or after MPFL reconstruction. Sowinski et al. [12] concluded that gait characteristics included a reduced gait speed and step frequency and hyperextension of the knee. At 6 months after MPFL reconstruction, gait pattern was similar to that of healthy controls at a normal and fast speed gait according to Carnesecchi et al. [13] , but these reports did not mention gait kinematics and kinetics in detail before and after MPFL reconstruction. During gait, peak patellar shear stresses increase more than 10 % with 15° of femoral external rotation in 75 % of healthy individuals [14] , and the peak knee extension moment during free walking appears to be a good kinetic variable related to a compensatory mechanism limiting or avoiding anterior knee pain [15] . Therefore, because gait analysis including knee moment and tibial movement is a valuable measure, it is necessary for assessing post-operative status to analyse gait biomechanics before and after MPFL reconstruction.
Good clinical outcomes by MPFL reconstruction may affect not only patellar kinematics but also during gait kinematics of the knee. Therefore, the purpose of this study was to measure knee biomechanics during gait before and after MPFL reconstruction in patients with RPD and compare these results with those obtained from healthy individuals. The hypothesis being tested was that knee kinematics and kinetics would be restored to normal with good surgical outcomes by 1 year after surgery.
Materials and methods
Eleven patients with RPD (eight females, three males) aged from 15 to 35 years (average, 21.2 ± 7.6 years) were examined between April 2012 and March 2014. All patients had a patellar dislocation more than two times, a positive patellar apprehension sign, and no pain. The primary patellar dislocation occurred during a non-contact sporting activity. One of the RPD patients also had a contralateral patellar dislocation, but only once. The mean sulcus angle on radiograph was 139.1° ± 11.7°, and all RPD patients did not have severe trochlear dysplasia. Lateral shift and tilting of the patella were confirmed on radiograph in all patients at knee full extension. Magnetic resonance imaging showed all RPD patients had an abnormal insertion of the MPFL. Some patients were unavailable for follow-up at 3 and 6 months after surgery because they did not attend the hospital for follow-up; however, 1 year post-operatively, all patients were available for follow-up. For comparison, 15 healthy volunteers with no history of orthopaedic problems in the lower limbs were included as a control group.
MPFL reconstruction procedure
An experienced surgeon (M.O. and M.D.) performed an anatomical MPFL reconstruction according to the procedure previously reported [1] . At least 20 cm of the semitendinosus was harvested from the ipsilateral side. A cylindrical bone plug was harvested at the anatomical femoral attachment site of the MPFL, and the graft was sutured with the periosteum onto the patellar surface. During the operation, quantitative patellar stress radiography was performed under anaesthesia, and from the stress radiography, five patients also underwent lateral patellar retinaculum release (lateral release) to decrease the excessive tension of the lateral patellar retinaculum [16] . One patient had a medial meniscus tear, and another patient had patellofemoral cartilage injury. Each of these patients was provided with additional treatment (medial meniscectomy or drilling).
Post-operative rehabilitation
The reconstructed knee was immobilized using a soft knee brace for 2 weeks after surgery. In this time, the patients practised isometric contraction of the quadriceps and muscle strength exercises of other joints. At 3 weeks after surgery, the patients were allowed knee ROM exercises and partial weight bearing and started full weight bearing at 6 weeks. After leaving hospital, they received followup, and they were allowed to return to sporting activity 6 months following surgery.
Muscle strength and clinical measurements
To measure knee extension muscle strength, the RPD group performed isometric knee extension before surgery, and at 3, 6 months, and 1 year after surgery. The patients sat with their hands behind them, and they lifted their foot off the ground, while a hand-held dynamometer (MicroFET2 hand-held dynamometer; Hoggan Health Industries Inc, West Jordan, UT) was placed on their distal tibial. The ratio of the knee extension strength for affected/unaffected knee was calculated.
The RPD patients were also clinically evaluated based on knee ROM, the Kujala score, and the knee injury and osteoarthritis outcome score (KOOS) before surgery and 1 year after surgery.
Gait analysis
Gait analysis of the RPD patients was performed four times: before surgery, 3 months post-operatively, 6 months post-operatively and 1 year after surgery. The control group was measured walking only once.
Kinematic and kinetic data for each participant were acquired using a three-dimensional motion analysis system (Vicon Mx; Vicon Motion Systems, Oxford, UK) with 16 infrared cameras. The sampling frequency was defined as 100 Hz. Ground reaction force data were captured by eight force plates (AMTI, Watertown, MA) at 1000 Hz. Before starting measurements, the device was calibrated. The mean calibration residuals of the cameras were under 1.00 mm. Before gait protocols were started, the static knee angles of the participants were measured. Participants were directed to look straight ahead, cross their arms at chest level, and keep standing for 5 s. Participants then walked along a 10-m walkway at their self-selected speed. They were told to look straight ahead and move their hands naturally. The gait protocol was performed until five successful attempts (whether or not their foot hit each force plate) were achieved. Three-dimensional knee kinematics was obtained using the point cluster technique (PCT) according to the methods of Andriacchi et al. [17] . Based on the PCT, 21 skin-based reflective markers were placed on one leg of each participant. For a steady state of gait, participants were directed to keep walking along the walkway during measurements, and gait kinematics and kinetics of each trial showed good repeatability. Therefore, reliability of this method of measurement and the PCT analysis was confirmed by our previous study [18] .
Data analysis
At first, one gait cycle was defined as the period between the initial contact and the next ipsilateral initial contact. Initial contact was identified by the force plates detecting more than 10 N. Thereafter, one gait cycle was time-normalized to 100 data points. Knee flexion, valgus, and tibial rotation angles and anteroposterior tibial translation with respect to the femur were evaluated in each participant. One gait cycle was divided into gait cycle events based on the work of Perry and Burnfield [19] , and the average angles in each event were calculated. The kinetic data were obtained using inverse dynamics, and internal knee extension/flexion and external knee adduction moments were calculated using the Vicon BodyBuilder processing software (Vicon Motion Systems). The peak values of each moment in the stance phase were adopted as the knee kinetic data and were normalized to the individual's weight. Additionally, step length, gait speed, and cadence were computed as gait parameters.
Step length was defined as the distance from the marker of the fifth metatarsal head at first initial contact to its next initial contact and was normalized to the individual's height. Gait speed was calculated by dividing the step length by the time of one gait cycle. Cadence was shown as the number of steps per minute. In the analysis of kinetic data and gait parameters, the markers and ground reaction force data were low-pass-filtered (Butterworth fourth-order filter, cut-off frequency 6 Hz) with plug-in software (ButterPlug; Vaquita Software, Zaragoza, Spain). This study was approved by the Epidemiologic Study Ethics Review Board of Hiroshima University (approval number: 844) and conformed to the Declaration of Helsinki.
Statistical analysis
Clinical measurements (knee ROM, the Kujala score and KOOS) were analysed by paired t test. One-way analysis of variance was used to test differences among the five groups (preop, 3 months postop, 6 months postop, 1 year postop, and control) for kinematic and kinetics data and gait parameters. Knee extension strength was analysed by oneway analysis of variance among the four groups (preop, 3 months postop, 6 months postop, and 1 year postop). Post hoc analysis was performed using the Tukey-Kramer test to determine differences between the groups. Analysis was performed using statistical analysis software (IBM SPSS Statistics, version 19.0; IBM Japan, Tokyo, Japan). Significance was considered to be P < 0.05.
Results

Participant characteristics
There were no significant differences between the RPD and control groups for age, body height, body weight, and body mass index ( Table 1 ). All of the RPD patients showed good clinical results after MPFL reconstruction. Patellar redislocation and the occurrence of knee pain were not evident. The mean Kujala score was significantly improved from 74.5 ± 8.1 before surgery to 88.8 ± 8.1 at 1 year after surgery (P < 0.01). The mean KOOS was significantly improved (64.5 ± 7.8 to 89.8 ± 9.9, P < 0.01). The knee flexion changed to 141.0° ± 1.9° at 1 year after surgery from 137.3° ± 6.2° before surgery, and the knee extension changed to 0.9° ± 1.9° at 1 year after surgery from 1.4° ± 2.2° before surgery. Two patients had contralateral patellar apprehension sign, and one patient underwent contralateral MPFL reconstruction 1 year after the first surgery (Tables 2, 3 ).
Gait kinematics of the knee
At 3 months after surgery, the knee flexion angle in the RPD group was significantly decreased compared to the preop group at mid-stance (P = 0.028; Fig. 1a ; Table 4 ). Additionally, the knee flexion angle at loading response was significantly lower than that of the control group (P = 0.006; Fig. 1a ; Table 4 ) as well as at mid-stance (P = 0.004; Fig. 1a ; Table 4 ). Subsequently, the knee flexion angle increased to be similar to that of the control group by 1 year after surgery ( Fig. 1a; Table 4 ).
Gait kinetics of the knee
Before surgery, the internal knee extension moment was significantly lower than that of the control group (P = 0.025; Fig. 2a ; Table 5 ). After 3 months, the patients in the RPD group experienced an additional decrease in extension moment compared with before surgery, to be still significantly lower than that of the control group (P < 0.01; Fig. 2a ; Table 5 ). By 1 year post-operatively, it was significantly increased compared to the 3-month postop group (P < 0.01; Fig. 2a ; Table 5 ), and also similar to the control group ( Fig. 2a ; Table 5 ). Gait speed (m/min) 84.6 ± 6.1 76.6 ± 9.9* 81.8 ± 6.1 84.7 ± 6.7 86.7 ± 5.2
Step length (m/body height) 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1
Cadence (steps/min) 115.2 ± 7.0 108.7 ± 7.9* 114.1 ± 7.9 112.1 ± 6.6 118.5 ± 5. 
Discussion
The most important finding in this study was that the knee kinematics and kinetics during gait for RPD patients 1 year after MPFL reconstruction were similar to the knee kinematics and kinetics during gait for healthy patients. It was hypothesized that knee kinematics and kinetics would be restored to normal with good surgical outcomes at 1 year after surgery, and this hypothesis has been supported. Therefore, this study is the first report in English to show that, 1 year after MPFL reconstruction for RPD, knee kinematics and kinetics during gait were similar to those of healthy controls. RPD patients had a lower knee extension moment than the control group before MPFL reconstruction, but it was similar to that of the control group after 1 year. Zaffagnini et al. [20] showed that the MPFL works as a restraint on patella tracking with a small contribution during neutral knee flexion; however, we found that MPFL reconstruction had an impact on gait analysis. The peak knee extension moment during free walking appears to be a good kinetic variable related to a compensatory mechanism limiting or avoiding anterior knee pain [15] . In this study, while the patients did not have knee pain, they still might use this compensatory mechanism to avoid quadriceps contraction at knee semi-flexion, in order to prevent the risk of patellar dislocation. Patellar apprehension was improved by MPFL reconstruction; accordingly, the need for a compensatory mechanism disappeared, and the knee extension moment increased to be similar to that of the control group.
Normal knee kinematics and kinetics were almost completely restored 1 year after MPFL reconstruction; however, the knee flexion angle of RPD patients initially decreased after surgery, and patients had low knee extension moment 3 months post-operatively. Thaunat et al. [21] showed 10 of 22 knees in patellar dislocation patients had a quadriceps weakness associated with a 10° extension lag at the 3-month follow-up visit after MPFL reconstruction. After an average of 3.1 years following MPFL reconstruction, patients continued to experience isokinetic strength deficits in the knee extensor muscles, and also the muscle volume of the thigh of the operated limb remained significantly less well developed than the non-operated limb [22] . In our study, there were no significant differences in knee extension strength (affected/unaffected ratio) between follow-up times (Table 2) ; however, MPFL reconstruction may cause ◂ a further impairment of the quadriceps especially after 3 months, producing the reduced knee extension moment seen during gait. According to gait analysis, muscle weakness of knee extension may only be affected before surgery and at 3 months after MPFL reconstruction; however, it may affect sporting activities such as running and jumping, regardless of the period after surgery. Six months after surgery, the knee flexion angle and extension moment were not significantly different to the control group; however, they tended to be lower than that of the RPD patients 1 year after surgery. Lippacher et al. [23] showed that all the patients in their study returned to sport at the third post-operative month and that 53 % of them returned at an equal or higher level. Feller et al. [24] showed a return-to-sport rate of 81 % for isometric MPFL reconstruction. However, they presented no evidence of the kinematics for return to sport after surgery. In a previous study using gait analysis, the gait pattern 6 months post-operatively was similar to that observed in healthy individuals at a normal and fast walking speed [13] , and in this study, the walking speed of our RPD patient group 6 months after surgery was similar to that of the control group. These results suggest that recovery of knee kinematics and kinetics after MPFL reconstruction occurs from 6 months to 1 year after surgery, even for gait, so return to sport should not be considered until 6 months after MPFL reconstruction, from the point of view of motion analysis.
The tibial rotational angle was not different between groups. Patients with patellar instability have a more lateral position of the tibial tubercle than controls at knee extension [25] . However, in our study, the tibial rotational kinematics of the affected knee were similar to the unaffected knee during gait, and so MPFL reconstruction does not affect tibial rotational kinematics during gait.
In the current series, no patient experienced remaining patellar instability or redislocation. Therefore, this surgical method demonstrated good clinical results and restored gait biomechanics. Although studies investigating all surgical methods have shown that surgical treatment may bear a higher risk of subsequent patellofemoral joint degeneration [7, 8] , we could not evaluate long-term osteoarthritis in this study. However, we think that restoring the conformation of the patellofemoral joint and gait pattern may help to delay future knee OA, at least in the short term. In this study, the restored gait biomechanics of the RPD patients were obtained after a successful MPFL reconstruction with no history of redislocation of the patella or remaining patella apprehension. If MPFL reconstruction is not as successful, then similar results may not be obtained. In clinical settings, our results may be useful in follow-up examinations. If kinematics and kinetics during gait are not restored by 1 year after MPFL reconstruction, patients should be given additional treatment such as rehabilitation focused on biomechanics during daily activity.
There are several limitations of this study. First, our sample size was small, and this study was a case-control study, so it was unclear whether the gait characteristics of the RPD patients existed before patellar dislocation occurred or not. Second, we investigated only gait analysis and did not measure sporting activity, where symptoms of lateral patellar dislocation may occur during running or jumping [9, 26] . Third, patient variation, such as morphology of the femur, needs to be considered. Better return to sport and higher patient satisfaction have been seen in patients with milder trochlear dysplasia compared with patients with high-grade trochlear dysplasia [27] . Finally, gait analysis in this study was measured for only 1 year after MPFL reconstruction. Therefore, long-term implications could not be shown; further studies are needed to confirm both the implications and risk of complications over the long term.
Conclusion
RPD patients had lower extension moment before MPFL reconstruction, but gait kinematics and kinetics of RPD patients had recovered by 1 year after surgery. According to our biomechanical study of MPFL reconstruction, at 1 year after surgery, RPD patients have restored gait kinematics and kinetics, with regard to knee flexion angle and extension moment during gait, showing that MPFL reconstruction can normalize the gait kinematics and kinetics of RPD patients. 
